Sinden and Hauser (31) were the first to describe a serious infectious disorder of the cultivated mushroom Agaricus bisporus, known as La France disease. Today the disease is considered an important limiting factor worldwide in the commercial cultivation of mushrooms (10) . The most diagnostic symptoms of the disease include the degeneration and death of the mycelium, a delayed appearance of mushrooms, the development of deformed mushrooms, premature opening of the veil, and a reduced yield.
The viral nature of La France disease was proposed in 1962 by Hollings (16) following the observation of virus-like particles (VLPs) in extracts from diseased basidiocarps. Since then, a wealth of correlative evidence implicating La France isometric virus (LIV) in the etiology of the disease has accumulated (6, 10, 12, 23, 25-27, 33, 34) . LIV has 36-nm isometric particles that encapsidate nine double-stranded RNAs (dsRNAs) of 0.8 to 3.8 kb (12, 33, 34) . Three of the dsRNAs have been completely sequenced, although functions have not been ascribed to the putatively encoded polypeptides (15) . Virions of LIV are composed of three structural polypeptides which, depending on the method of purification, are estimated to be 63, 66, and 129 kDa (12) or 65, 115, and 120 kDa (33) .
The complexity of the genome renders LIV distinct from other dsRNA viruses belonging to the recognized taxonomic groups (22) . Information on replication strategy can be used to support the taxonomic position of viruses. For example, fungal viruses classified in the Totiviridae use a conservative mode of replication (11, 22, 30) such that the integrity of the parental dsRNA strands remains intact following transcription. In contrast, a semiconservative mechanism is utilized by fungal viruses in the Partiviridae, in which one of the parental strands of dsRNA is displaced by the nascent strand (3, 4, 22) . In this study, we report on the properties of an RNA-dependent RNA polymerase (RDRP) activity with respect to requirements for catalysis, nature of the RNA products synthesized in vitro, and association with virions of LIV.
MATERIALS AND METHODS

Source of tissue.
Healthy and diseased mushrooms were collected at commercial sites and stored at Ϫ80ЊC.
Purification of virus. (i) Method I.
A 100-g sample of mushroom tissue was homogenized in a Waring blender with 300 ml of a solution containing 50 mM Tris-HCl, 1 mM EDTA, 0.1% ␤-mercaptoethanol (BME), and 0.1% Nonidet P-40, pH 8.0. The homogenate was clarified by centrifugation at 6,000 ϫ g for 20 min. The resultant supernatant was collected and incubated for 3 to 4 weeks at 4ЊC, after which time a precipitate enriched in virus was collected by centrifugation at 3,000 ϫ g for 10 min. The pellet was resuspended in a minimal volume of the supernatant and stored at Ϫ80ЊC.
(ii) Method II. More highly purified preparations of LIV were obtained by a modification of the subcellular fractionation procedures described by Rogers et al. (24) and Morten and Hicks (21) . Mushrooms (100 g) were homogenized in a Waring blender for 4 min with 200 ml of 100 mM Tris-HCl-0.2 mM EDTA, pH 7.5 (Tris buffer), containing 15% sucrose. The homogenate was mixed with an equal volume of Tris buffer containing 1% (wt/vol) sucrose and centrifuged at 1,300 ϫ g for 10 min at 4ЊC. The supernatant was centrifuged at 14,000 ϫ g for 30 min, and the pellet was resuspended in 4 ml of Tris buffer with 20% sucrose, extracted with 0.1 volume of chloroform, and centrifuged at 10,000 ϫ g for 10 min. The supernatant was centrifuged at 50,000 ϫ g for 30 min, and the virusenriched pellets were resuspended in 4 ml of Tris buffer with 20% sucrose. Two milliliters of the virus preparation was layered onto a sucrose step gradient consisting of 18 ml each of 60 and 35% sucrose prepared in Tris buffer. Gradients were centrifuged at 64,000 ϫ g for 90 min at 4ЊC and partitioned into 3-ml fractions (model 640 density gradient fractionator; ISCO, Lincoln, Nebr.). Each fraction was analyzed for RDRP activity, dsRNA, protein, and VLPs.
Polymerase assays. The standard reaction cocktail contained, in a final volume of 50 l, 50 mM Tris-HCl (pH 8.0), 10 mM MgCl 2 , 5 mM dithiothreitol (DTT), 40 g of actinomycin D per ml, 60 U of RNasin (Pharmacia, Piscataway, N.J.), 1 mM (each) ATP, CTP, and GTP, 50 Ci of [ 3 H]UTP (35 to 50 Ci/mmol; ICN Biomedical, Irvine, Calif.) or [␣-32 P]UTP (Ͼ600 Ci/mmol; ICN), and, unless stated otherwise, 2 l of virus purified by method I. In some experiments, the standard reaction cocktail was amended with 50 g of ␣-amanitin per ml, 50 g of rifampin per ml, 2 to 10 mM BME, or 10 mM MnCl 2 . Typically, the enzyme reaction was allowed to proceed for 1.5 h at 37ЊC and was terminated by spotting 10 l of the reaction cocktail onto 2.3-cm-diameter filter paper discs (3MM; Whatman Ltd., Maidstone, England). Discs were washed batchwise five times for 10 min each time in cold 5% trichloroacetic acid (TCA) containing 0.02% uracil and then washed twice for 5 min each in 95% ethanol. Following washing, discs were air dried and heated for 20 min at 50ЊC in capped scintillation vials containing 300 l of a 90% aqueous solution of NCS tissue solubilizer (Amersham, Arlington Heights, Ill.). Ten milliliters of Ecoscint (National Diagnostics, Manville, N.J.) was added to each vial, and radioactivity was determined by liquid scintillation counting on an LS 7000 instrument (Beckman, Fullerton, Calif.). TCA-precipitable radioactivity was determined by Cerenkov counting when [␣-32 P]UTP was used in polymerase assays. For sizing the polymerase reaction products, virus purified by method II was used as a source of enzyme, the standard reaction cocktail was amended with 0.1 mM UTP and 50 Ci of [␣-
32 P]UTP, and reactions were carried out for 3 to 12 h at 30ЊC.
Extraction of RDRP reaction products. Polymerase reaction products were extracted with phenol (18) and resuspended in water or 10 mM Tris-HCl-1 mM EDTA, pH 7.5 (TE).
Electrophoresis of nucleic acid. RDRP reaction products were analyzed on formaldehyde-denaturing 1.2% agarose gels (18) . LIV dsRNAs were resolved on either nondenaturing 1% agarose gels prepared in Tris-acetate-EDTA buffer (18) or formaldehyde-denaturing agarose gels.
Electrophoresis of protein. Polypeptides were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with a 7.5% stacking gel as described previously (12) .
Cellulose column chromatography. RDRP reactions were terminated by the addition of 1 volume of 2ϫ STE (1ϫ STE is 50 mM Tris, 0.1 M NaCl, and 1 mM EDTA, pH 7.0) containing 1% SDS. The reaction mixture was incubated for 10 min at 65ЊC, and nucleic acids were extracted with phenol (18) and resuspended in water or TE. The nucleic acid preparation was modified to include STE containing 35% ethanol (STE-35) by the addition of a 5ϫ STE stock and absolute ethanol and loaded onto a column containing 1 g of CF-11 cellulose (Whatman) equilibrated with STE-35. The column was washed with 100 ml of STE-35 to remove oligonucleotides and unincorporated radionucleotides, then with 36 ml of STE containing 15% ethanol to release single-stranded RNA (ssRNA), and finally with 36 ml of STE to elute dsRNA.
Nuclease sensitivity assays. The sensitivity of the polymerase reaction products to hydrolysis by DNase was determined in a solution containing 10 mM Tris-HCl, 10 mM MgCl 2 , 2 mM CaCl 2 [pH 7.5], 0.6 U of RNasin per ml, and 1 U of RNase-free DNase I (Promega, Madison, Wis.). RNase sensitivity trials were carried out in the presence of 1 g of RNase A (Sigma Chemical Co., St. Louis, Mo.) per ml under high (0.3 M NaCl)-salt and low (0.03 M NaCl)-salt conditions (34) . Nuclease reactions were conducted in a final volume of 100 l for 30 min at 37ЊC.
Synthesis of cDNA. The LIV-specific 3.8-kb dsRNA was isolated from diseased basidiocarps by phenol extraction and cellulose column chromatography (20, 34) and purified by agarose gel electrophoresis (18) . The gel-purified dsRNA was denatured with methylmercury hydroxide (1) and converted into bluntended cDNA according to the method of Gubler and Hoffman (14) as described by Klickstein et al. (17) , with the only modification being the omission of RNase A in the blunt-ending reaction. Blunt-ended cDNAs were ligated to SmaIdigested pBlueScript KS ϩ phagemid and transformed into Escherichia coli SURE according to the manufacturer's instructions (Stratagene, La Jolla, Calif.). Putative transformants were screened for DNA inserts by the alkaline lysis procedure (18) . A 1.7-kb cDNA corresponding to the 3.8-kb dsRNA was confirmed by Northern hybridization to LIV-associated dsRNAs (7). Subsequently, strand-specific ss-cDNAs were rescued by phage R408 from E. coli XL1-Blue (Stratagene) that had been transformed with the 1.7-kb cDNA subcloned in the same orientation at the SmaI site of pBluescript KS ϩ or KS Ϫ (29). Northern hybridization. RNA was capillary transferred to Nytran membranes (Schleicher & Schuell, Keene, N.H.) in 10ϫ SSC (10ϫ SSC is 1.5 M NaCl plus 0.15 sodium citrate) from either formaldehyde-denaturing (18) or nondenaturing (19) agarose gels. Prehybridization and hybridization were carried out at 42ЊC in a solution containing 50% formamide, 6ϫ SSC, 5ϫ Denhardt's solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin), 0.5% SDS, and 100 g of sheared salmon sperm DNA per ml. Blots were prehybridized for at least 2 h and hybridized for a minimum of 16 h with fresh hybridization solution containing the in vitro-synthesized [␣-
32 P]UTP-labeled polymerase reaction products. Following hybridization, blots were washed twice at room temperature, twice at 42ЊC, and twice again at room temperature. Each wash was done for 15 min in 0.1ϫ SSC containing 0.1% SDS, except for the final wash, in which SDS was excluded.
Southern hybridization. Rescued ss-cDNAs corresponding to the complementary strands of the 1.7-kb cDNA to the LIV 3.8-kb dsRNA were separated by electrophoresis on 1% agarose gels, denatured in 1.5 M NaCl-0.5 M NaOH, neutralized in 1 M Tris-HCl-1.5 M NaCl, pH 7.4, and capillary transferred in 10ϫ SSC to Nytran membranes. The conditions for hybridization and washing were as described for Northern blots.
RT-PCR. Reverse transcription (RT)-PCR with primers targeting the putative coding strand (reverse primer) or the noncoding strand (forward primer) of the LIV 1.3-kb dsRNA was carried out essentially as described by Romaine and Schlagnhaufer (27) . The only modification of the procedure was that the forward and reverse primers were used separately to initiate synthesis of cDNA to a total cellular ssRNA fraction prepared from diseased mushrooms by the acid guani-FIG. 1. Analysis of extracts of healthy and diseased mushrooms for LIV by agarose gel electrophoresis of dsRNA (A) and SDS-PAGE of proteins (B). Clarified homogenates (supernatant obtained at 6,000 ϫ g) of healthy and diseased mushrooms were incubated for 4 weeks at 4ЊC and then centrifuged at 3,000 ϫ g. The resultant supernatants and precipitates were analyzed for the LIV dsRNAs and virion-specific polypeptides. C, clarified homogenate; S, supernatant; P, precipitate. The sizes of the dsRNAs and polypeptides are indicated in the left and right margins, respectively. 
RESULTS
Analysis of LIV-enriched precipitates. Precipitates (3,000 ϫ g) derived from clarified homogenates of diseased mushrooms that had been incubated for 4 weeks at 4ЊC (method I) were highly enriched in LIV. The LIV-associated dsRNAs in the range of 0.8 to 3.8 kb were detected by agarose gel electrophoretic analysis of clarified homogenates as well as the derived precipitates (Fig. 1) . The lack of detectable dsRNA in the postprecipitation supernatant suggested quantitative recovery of virus from solution. No dsRNA was recovered from comparable preparations of healthy mushrooms. Similarly, SDS-PAGE analysis revealed that precipitates from La France disease-affected mushrooms contained primarily the three LIV-specific polypeptides of 63, 66, and 129 kDa (Fig. 1) . Precipitates prepared from clarified homogenates of healthy mushrooms lacked the three polypeptides and, in fact, showed a paucity of protein. Electron microscopic examination revealed that the precipitates from diseased mushrooms contained aggregates of 36-nm isometric particles characteristic of LIV, whereas those from healthy mushrooms were devoid of VLPs but contained amorphous material (13) .
In vitro polymerase activity. RDRP activity was detected in LIV-enriched precipitates prepared from diseased mushrooms, whereas no appreciable enzyme activity was detected in comparable preparations from healthy mushrooms (Fig. 2) . Incorporation of radiolabeled UMP increased steadily for 3 h, after which time a decrease in the accumulation of TCAprecipitable product occurred, presumably due to the activity of endogenous ribonucleases.
Requirements for catalysis. The RDRP activity was largely insensitive to polymerase inhibitors actinomycin D, ␣-amanitin, and rifampin, suggesting that the observed activity was not catalyzed by cellular transcriptases (Table 1) . Maximal polymerase activity required the presence of Mg 2ϩ , which could not be replaced by Mn 2ϩ , the four nucleoside triphosphates, and a reducing agent, either DTT or BME.
Characterization of polymerase products. The polymerase products synthesized in vitro by the RDRP activity were insen- FIG. 3 . Characterization of the LIV polymerase products synthesized in vitro by cellulose column chromatography. Phenol-extracted 3 H-labeled polymerase product (53,000 cpm) was loaded onto a column containing 1 g of cellulose resin. The column was washed exhaustively with STE-35 to remove unincorporated nucleotides and oligonucleotides. ssRNA was eluted from the column by washing with STE-15, and dsRNA was eluted by washing with STE. Six 3-ml fractions were collected for each eluant, and radioactivity was determined for 1 ml of each fraction by liquid scintillation counting.
FIG. 4. Northern hybridization of [␣-
32 P]UTP-labeled polymerase reaction products to the disease-specific (D) LIV dsRNAs. dsRNA isolated from healthy (H) mushrooms was included as a control. The dsRNAs were separated under nondenaturing conditions and transferred to nylon membranes by capillary blotting in 10ϫ SSC following incubation in a solution containing 50% formamide, 9% formaldehyde, and 40 mM Tris acetate (pH 8.6) containing 2 mM EDTA for 30 min at 55ЊC. Hybridization conditions were as described in Materials and Methods. Shown are the original ethidium bromide (EtBr)-stained gel (A) and autoradiograms of the radioactive membranes exposed for 2 (B) and 24 (C) h. The sizes of the dsRNAs are indicated in the left margin. sitive to hydrolysis by DNase I but were hydrolyzed by RNase A under high-and low-salt conditions, indicating that the products were ssRNA (Table 2) . Moreover, approximately 95% of the radiolabeled products were eluted from a cellulose column in the ssRNA fraction, with the remainder being eluted in the dsRNA fraction (Fig. 3) .
Northern hybridization analysis disclosed that transcripts corresponding to all nine of the LIV-associated dsRNAs were transcribed in vitro, with the hybridization signal being most intense for the 1.3-kb and 2.8-to 3.1-kb dsRNAs (Fig. 4) . In contrast, the labeled transcription products failed to hybridize to a 2.4-kb dsRNA found in healthy mushrooms. Southern hybridization of the RDRP products to one strand of an ssDNA corresponding to the 3.8-kb LIV dsRNA, but not to the complementary strand, demonstrated that only transcripts of a single polarity were transcribed (Fig. 5 ).
An experiment was carried out to determine if the single polarity transcripts synthesized in vitro by the RDRP activity reflected the nature of the products synthesized in vivo. Total cellular ssRNA from diseased mushrooms served as a template for RT-PCR in which primers directed against the putative coding or noncoding strand of the 1.3-kb dsRNA were used individually to prime RT prior to PCR amplification with both primers. The predicted PCR product of 128 bp was generated only when the reverse primer, which annealed to the putative coding strand, was used to initiate synthesis of cDNA (Fig. 6) .
Sizing of RNA products. Several high-molecular-weight RNA products were synthesized in vitro with sucrose gradient-purified viral preparations (method II) as a source of enzyme in the RDRP reaction mixture. Three major size classes of ssRNA with estimated molecular sizes of 0.95, 1.3, and 1.8 kb, as well as higher-molecular-weight ssRNA, were observed on autoradiograms of electrophoretically separated transcripts (Fig. 7) .
Association of RDRP activity with LIV. Following rate-zonal centrifugation in sucrose density gradients, RDRP activity was associated with the gradient fraction containing the LIV-associated dsRNAs (fraction 4 [ Fig. 8]) and the virion-specific polypeptides and 36-nm isometric VLPs (13) . The corresponding fractions of gradients containing extracts from healthy mushrooms were devoid of RDRP activity, dsRNA, and VLPs.
DISCUSSION
We have characterized an RDRP activity associated with virions of LIV, the suspected etiologic agent of La France disease of A. bisporus. The requirements for catalysis of the LIV-associated enzyme were generally similar to those described for other viral RDRPs (2, 11, 35) . It should be noted that Sriskantha et al. (32) associated an RDRP activity with Total cellular RNA isolated from diseased mushrooms was fractionated into ssRNA and dsRNA by cellulose column chromatography. PCR primers were specific for the 1.3-kb LIV dsRNA. Either the forward or the reverse primer, which hybridized to the noncoding or the coding strand, respectively, was used to prime cDNA synthesis. The second primer was then added to the reaction mixture for PCR amplification. The expected 128-bp amplicon was generated in reactions where the reverse primer was used to prime cDNA synthesis. A 123-bp marker is shown. FIG. 7 . Separation of the in vitro-synthesized transcription products by electrophoresis on denaturing formaldehyde-agarose gels. Sucrose gradient-purified virus (method II) was incubated in a standard polymerase reaction cocktail containing 0.1 mM UTP and 50 Ci of [␣-
32 P]UTP at 21ЊC for 12 h. Following phenol extraction and ethanol precipitation, transcripts were separated by electrophoresis and then transferred to Nytran membranes by capillary blotting. Membranes were dried and exposed to X-ray film at Ϫ80ЊC. The sizes (in kilobases) of the transcripts are indicated in the left margin.
35-nm isometric VLPs from La France disease-affected mushrooms. However, this polymerase synthesized in vitro two dsRNAs that were homologous to and the same size as the genomic dsRNAs of 2.1 and 6.5 kb. Therefore, the viral polymerases, and hence the viruses themselves (described in the present study and by Sriskantha and coworkers), are distinct. All lines of evidence support the role of LIV in the etiology of La France disease (6, 10, 12, 23, 25-27, 33, 34) , whereas the biological relevance of the 35-nm virus characterized by Sriskantha et al. (32) has not been determined.
We found that RDRP activity cosedimented with 36-nm isometric particles of LIV during rate-zonal centrifugation in sucrose density gradients, demonstrating that the enzyme is a constituent of the virion. We also established that under conditions of centrifugation that were identical to those used by Morten and Hicks (21) , mitochondria sedimented to the same position as LIV particles that were obtained by chloroform extraction of preparations from diseased mushrooms (13) . Therefore, the association of LIV dsRNA with mitochondria, as proposed by Morten and Hicks (21) , remains equivocal.
We determined that three major size classes of ssRNA transcripts with estimated molecular sizes of 0.95, 1.3, and 1.8 kb, as well as higher-molecular-weight ssRNA, were synthesized in vitro by the virion-associated RDRP activity. Assuming that the observed hybridization signal is proportional to the level of transcription, the predominant transcripts corresponded to the 1.3-kb and 2.8-to 3.1-kb dsRNAs, although transcripts of all of the dsRNAs were detected. The RDRP specifically catalyzed LIV RNA, because the enzyme products failed to hybridize to an endogenous 2.4-kb dsRNA associated with fungal vesicles from healthy mushrooms (28) . We are uncertain at this time if our inability to synthesize discrete full-length transcripts of each of the LIV dsRNAs can be attributed to contaminating ribonucleases or to suboptimal reaction conditions. The inability to synthesize full-length transcripts with isolated viral polymerases has been noted elsewhere. White and Wang (35) observed heterogeneity in the sizes of the transcripts synthesized by the RDRP associated with the Giardia lamblia virus. In the case of the RDRP activities associated with yeast L-A virus, full-length transcription requires a host factor or specific chemical agents (8, 9) .
Conservative transcription occurs in members of the Totiviridae (8, 11, 22, 30) and is characterized by the accumulation of radiolabel in ssRNA molecules while the integrity of the parental dsRNA template is preserved. Members belonging to a second family of dsRNA viruses known as the Partiviridae replicate by way of a semiconservative mechanism whereby nascent transcripts remain hybridized to the parental template while the complementary parental strand is displaced (3, 4, 22) . Telltale of this strategy for replication is the generation of labeled dsRNA molecules during transcription. We found that the preponderance of the labeled products synthesized in vitro were ssRNA transcripts and that, in the case of at least one of the genomic dsRNAs, they were of a single polarity, presumably positive strand. Moreover, RT-PCR analysis revealed that for one of the genomic dsRNAs, transcripts corresponding only to the positive strand were synthesized in vivo. Taken together, these findings seem to indicate that free negative strands are not generated during replication but rather that positive strands are synthesized and, ultimately, encapsidated and converted to dsRNAs within the virion. However, our data do not directly address the question of whether transcription occurs by a conservative or semiconservative mechanism, because although traces of the in vitro-synthesized product were eluted in the dsRNA fraction, we could not detect label in dsRNA molecules by nondenaturing gel electrophoresis in enzyme time course studies (13). We do not know whether the labeled ssRNAs obscured small amounts of dsRNA that may have been synthesized or whether labeled dsRNA was absent altogether. Further, polymerase assays carried out in the presence of RNase A did not yield sufficient precipitable labeled product to be detected by gel electrophoresis. Continued investigation into the replication and genome organization of LIV should aid in the understanding of its taxonomy, strategy for replication, and pathogenicity.
